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(57) ABSTRACT

A method for estimation of state-of-health (SOH) charac-
teristics of a battery 1n hybrid vehicles includes charging and
discharging the battery at least one time within an upper
region of a state-of-charge (SOC) window, wherein the
battery; charging and discharging the battery at least one
time within a lower region of the SOC window, calibrating
a battery management unit included in the hybrid vehicle by
using the reached levels outside the SOC window, and
estimating the SOH characteristics of the battery during the
charge and discharge periods by using the battery manage-
ment unit.
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METHOD FOR ESTIMATING STATE OF
HEALTH OF A BATTERY IN A HYBRID
VEHICLE

BACKGROUND AND SUMMARY

This disclosure relates to a method for estimating State of
health, SOH, of battery in a hybrid vehicle. Further this
disclosure relates to hybrid vehicles with high power com-
ponents (100 kW) where the power variations are large and
tast. The disclosure 1s particularly advantageous 1n the field
of electrical storage system for heavy vehicles, such as
trucks, buses, construction vehicles, or the like.

Knowing the amount of energy leit 1n a battery compared
with the energy it had when i1t was full give the user an
indication of how much longer a battery will continue to
perform before 1t needs to recharge. This amount of energy

1s denoted State-oi-Charge or SOC. SOC 1s the available

capacity of a battery expressed as a percentage of 1ts rated
capacity. Batteries of hybrid vehicles have a voltage vs.

State-of-charge characteristics, as shown by the voltage vs
SOC curve m FIG. 1. The useful range denoted SOC
window, of the battery i1s primarily 1n the “flatter” region of
the characteristics.

The SOC window shows the available range of operation
and 1t decreases from the ageing. An ageing battery changes
its characteristics gradually so that 1t becomes more and
more diflicult to recharge. The characteristic alters slightly
with aging which 1s shown 1n FIG. 1 and this alteration may
be characterised 1n a parameter denoted State-oi-Health or
SOH. SOH 1s a measurement that reflects the general
condition of a battery and 1ts ability to deliver the specified
performance compared with a new and fresh battery. The
SOH parameter takes ito account such factors as charge
acceptance, 1nternal resistance/impedance/conductance,
capacity, electrical energy, seli-discharge, ability to accept a
charge and number of charge-discharge cycles. The conse-
quence ol attempting to charge a more and more aging
battery 1s that the voltage increases at lower SOC level. This
can lead to triggering of high voltage watchdogs and fault
codes which can cause mission stop and/or be harmitul to
components i a hybrid vehicle. Therefore 1t 1s important to
estimate the condition, SOH, of a battery and thus being able
to gradually reduce the SOC window of the battery.

Unlike the SOC which can be determined by measuring
the actual charge 1n the battery there 1s no absolute definition
of SOH. SOH 1s a subjective measure in that different users
derive the SOH from a variety of measurable battery per-
formance parameters. SOH 1s a figure of merit of the
condition of a battery (or a cell, or a battery pack), compared
to 1ts 1deal conditions. The units of SOH are percent points
where 100% corresponds to the battery condition matching,
the battery specifications. Typically, a battery SOH will be
100% at the time of manufacture and will decrease over time
and use.

During normal operation it i1s diflicult to estimate the
SOH. If overestimated 1t may cause unnecessary watchdog
fault triggers and mission stop, and 11 underestimated it may
cause unnecessary loss of performance and premature scrap-
ping of battery.

It 1s desirable to provide a method for estimation and
calibration of State-of-health, SOH, of a battery 1n a hybnd
vehicle, a method when the previously mentioned problems
1s at least partly avoided.

A method 1s provided according to an aspect of the present
invention for estimation of State-of-Health, SOH, charac-
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teristics of a battery 1n a hybrid vehicle comprising a battery
management unit, comprising the steps of:
calibrating the battery management unit b determining the
present state-of-charge (SOC) window of the battery,
comprising the steps of:
charging the battery while measuring the dernivative of the
open circuit voltage (OCV) with respect to the state-

of-charge, dOCV/dSOC, continuously;

determining the first SOC level when the dOCV/dSOC 1s
more than two times higher than a mimmum dOCV/
dSOC;

charging the battery by a first high charge current impulse

during a predetermined time period;

discharging the battery while measuring the derivative

dOCV/dSOC continuously;

determiming the second SOC level when the denivative

dOCV/dSOC 1s increasing;

discharging the battery by a second high current impulse

during a predetermined time period;
determining the present SOC window of the battery by
using the determined first and second SOC levels; and

estimating the SOH characteristics of the battery by
comparing the determined present SOC window with a
standard SOC window.

In this context, the first SOC level 1s determined when the
derivative dOCV/dSOC 1s more than two times higher than
a minimum value of dOCV/dSOC, which minimum value
occurs at the central plateau of the voltage vs SOC curve 1n
FIG. 1. Similarly, the second SOC level 1s determined when
the derivative dOCV/dSOC 1s increasing, 1.€. becomes
greater than the minimum value of dOCV/dSOC.

Both during charging and discharging steps, the battery 1s
charged/discharged by a high current impulse. This current
should be high relative to the capacity of the battery. In the
field of battery charging, some battery charging construc-
tions supply a relatively small magnitude current to the
batteries, for example, a C/10 value where the symbol C 1s
defined to be the one-hour capacity of a battery. Other
battery charging constructions supply a significantly higher
current to the batteries, such as, for example, a C value
(C=1). In this context, a current impulse of C>1 would
conventionally be considered to be high. When performing
a discharge of the battery 1t 1s an advantage to use the
internal combustion engine of the vehicle for achieving a
sufliciently high current impulse.

As 1ndicated above, the determined present SOC window
1s compared with a standard SOC window. The standard
SOC window can, for instance, be a detected initial SOC
window or a known original SOC window supplied by the
manufacturer of the battery.

The mmvention, according to an aspect thereof, further
relates to an alternative method for estimation of State-oi-
health (SOH) characteristics of a battery 1n hybrid vehicles,
comprising the steps of:

charging and discharging the battery at least one time

within an upper region of a State-of-charge (SOC)
window, wherein the battery:

1) 1s charged to a first predetermined level in the upper

region ol the SOC window during a first time period;

11) 1s charged by a first charge current impulse for pushing

the SOC level of the battery to a level above the first
predetermined level, during a second time period;
111) 1s discharged by an electrical machine to a second
predetermined level within the SOC window;

charging and discharging the battery at least one time
within a lower region of the SOC window wherein the
battery:
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1) 1s charged to a third predetermined level 1n the SOC
window, during a third time v) period;

1) 1s discharged by an electrical machine to a fourth
predetermined level i the SOC window;

111) 1s discharged by a second current impulse, for pushing
the SOC level of the battery to a level below the fourth
predetermined level, during a fourth time period;

calibrating a battery management unit comprised in the
hybrid vehicle by using the reached levels outside the
SOC window;

estimating the SOH characteristics of the battery during
the charge and discharge periods by using the battery
management unit,

wherein; the first and third time period 1s longer than the
second and fourth time period respectively; and the first
predetermined level represents a higher voltage, than
the second predetermined level and the third predeter-
mined level represents a higher voltage, than the fourth
predetermined level.

According to an aspect of the mvention the determined
present SOC window 1s compared with a standard SOC
window. The standard SOC window can, for instance, be a
detected mitial SOC window or a known original SOC
window supplied by the manufacturer of the battery. The
SOH characteristics of the battery can then be estimated by
the outcome of the comparison between the determined
present SOC window and the standard SOC window.

As SOH does not correspond to a particular physical
quality, there 1s no consensus in the imndustry on how SOH
should be determined. In the art 1t 1s known that the battery
management unit may use any of the following parameters
(singly or in combination) in combination with the inventive
parameter to derive an estimated value for the SOH:

Internal resistance/impedance/conductance

Capacity

Electrical energy

Self-discharge

Ability to accept a charge

Number of charge-discharge cycles

In addition, the battery management unit can define an
arbitrary weight for each parameter depending on its con-
tribution to the SOH value. By comparing one or more such
measured (and possibly weighted) parameters and the deter-
mined SOC window with stored parameters and a known
original SOC window the SOH characteristics of the battery
can be estimated. The inclusion of one or more additional,
known parameters can provide a more accurate estimate of
the current state of health of the battery.

Some embodiments of the invention provide for a method
for an 1mproved estimation of the State-of-health of a
battery.

BRIEF DESCRIPTION OF THE DRAWINGS

Further objects, features and advantages of the present
invention will appear from the following detailed descrip-
tion of the invention, wherein embodiments of the invention
will be described 1n more detail with reference to the
accompanying drawings, in which:

FIG. 1 shows a graph of output open circuit voltage as a
tunction of the state of charge of a typical battery of a hybrnid
vehicle

FIG. 2 shows exemplary graphs for carrying out the
discharge and recharge step of the method according to the
disclosure

FIG. 3 shows an exemplary flow chart for carrying out the
discharge step of the method according to the disclosure
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FIG. 4 shows an exemplary flow chart for carrying out the
recharge step of the method according to the disclosure

DETAILED DESCRIPTION

Various aspects of the disclosure will herematfter be
described more fully hereinafter with reference to the
accompanying drawings, in which embodiments of the
invention are shown.

This invention may, however, be embodied 1n many
different forms and should not be construed as limited to the
embodiments set forth herein. Rather, these embodiments
are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the mvention
to those skilled in the art. Like reference signs refer to like
clements throughout.

During the life time of a battery, its condition and per-
formance, health, tends to deteriorate gradually due to
irreversible physical and chemical change which take place
with usage and with age until eventually the battery 1s not
usable or dead. The SOH 1s an indication of the point which
has been reached in the life cycle of the battery and a
measure of the present condition relative to a new and fresh
battery. Its purpose 1s to provide an indication of the
performance which can be expected from the battery 1n its
present condition or to provide an indication of how much
of the useful lifetime of the battery has been consumed and
how much remains before it must be replaced. Since the
batteries of hybrid vehicle are rather expensive it 1s 1mpor-
tant to make an as correct as possible estimation of the SOH
of the battery. The method according to the present invention
enhances the precision of the SOH estimation.

Any parameter which changes, such as cell impedance or
conductance, significantly with age may be used as a basis
for providing an indication of the SOH of the battery. Since
the SOH indication is relative to the condition of a new
battery, a battery management unit, BMU, 1s configured to
hold a record of the mmitial conditions and provide an
estimate of the current/actual SOH. The BMU may be
positioned within the hybrid vehicle or as an external
measuring device, such an external charge-pole or charging
station.

To be able to provide a precise estimation as possible the
BMU has to be calibrated before making this estimation.
Since the SOC window 1s rather easy to measure and
indicates the aging of the battery the EMU 1s calibrated by
determining the present SOC window belore starting SOH
estimation procedure.

FIG. 1 shows a graph of the output open circuit voltage,
OCYV, as a function of the State-of-charge, SOC, of a typical
battery, which graph 1s also commonly referred to as voltage
discharge curve. It 1s a stated goal of battery design to
provide an output open circuit voltage, OCV, as constant as
possible for a large 1nterval of SOC. For this reason, a major
portion of the discharge curve 10a, 105, 10c¢ 1n FIG. 1 1s
almost flat, 1.e. the derivative dOCV/dSOC (slope) 1s very
small. The intermediate interval 15 between a first SOC
level 11 and a second SOC level 12 1s called the SOC
window 13. In the SOC window 13, a change 1n SOC level
corresponds to a very small, sometimes hardly measurable,
change 1n battery OCV. Such a low measurement resolution
of the SOC renders accurate estimation of SOH of the
battery dithicult. The shape of the voltage discharge curve 1s
influenced by aging, thus the SOC level corresponding to the
first SOC level 11 and the second SOC level 12 may vary to
a certain extent between different measurement occasions.
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SOC 1s normally stated in percentage (%), where 0%
corresponds to the battery containing no charge at all and the
100% corresponds to a battery completely full of charge.

There are several methods of estimating the SOC of a
battery. Some are specific to particular cell chemaistries and
some depend on measuring some convenient parameter
which varies with the SOC.

One common method for determining battery SOC 1s by
measuring OCV of the battery. The OCV of a battery 1s
determined by measuring the output open circuit voltage of
the battery when the battery 1s disconnected from any
external load and no external electric current tlows through
the battery. The OCYV 1s 1n direct correlation with the SOC
of the battery. Battery OCV 1s however disturbed by charg-
ing and discharging periods during driving for example a
hybrid electric truck 1n a city.

The SOH estimation process according to the disclosure
may advantageously be mnitiated first after the battery has
rested a certain time period and the OCV of the battery has
been registered. Battery SOC may be estimated using cou-
lomb counting during charging and discharging.

Before being able to make SOH estimation, the present
operating region, SOC window, has to be determined. The
battery management unit, BMU, has to be calibrated with
the correct SOC window. This 1s performed by means of
stressing the battery at the edges of the operating region,
SOC window, under well-defined operating conditions, to
find out where the correct upper and lower edges of the SOC
window are. Thus find out where the derivative dOCV/
dSOC 1s considerably higher, which means that even a small
difference 1n battery SOC provides a measurable diflerence
in output open circuit voltage.

The battery 1s stressed by means of giving stimuli in the
form of charge and discharge current pulses. This procedure
1s performed at standstill and with a disengaged driveline,
equal to 5 neutral gear. A charge pulse 1s created by means
of the diesel engine powering the electric motor 1n genera-
tive operation. A discharge pulse 1s created by the electric
motor 1n monitoring operation driving the diesel engine
which acts as brake by 1ts friction and/or C engine retarder.
The pulses are used to charge/discharge the battery some-
what outside the SOC window, and the response 1s collected
and studied by the battery management unit, 10 BMU, to
judge the SOH of the battery.

The method for stressing the battery comprises the fol-
lowing steps:

Firstly, as shown 1 FIGS. 2 and 3, discharging 21 the
battery down to the lower boundary of the SOC window.

Secondly, giving a discharge pulse 22, which will push the
battery further down along the 15 output open circuit
voltage/SOC characteristics, thus lower the battery SOC to
tall within an estimation interval positioned below the first
SOC level 11 but without permitting the battery to have a
SOC level below a fourth SOC level 14 (FIG. 1), as this
likely will result 1n the battery being permanently weakened
and damaged.

Thirdly, as shown in FIGS. 2 and 4, charging 23 the
battery to or even somewhat outside the 20 upper boundary
of the SOC window, thus raise the battery SOC to fall within
an estimation interval positioned above the second SOC
level 12 (FIG. 1).

Fourthly, giving a stimulus of a charge pulse 24, which
will push the battery further up atom; the output open circuit
voltage/SOC characteristics.

According to the invention the determined present SOC
window 1s compared with a standard 25 SOC window. The
standard SOC window can, for instance, be a detected 1nitial

10

15

20

25

30

35

40

45

50

55

60

65

6

SOC window or a known original SOC window supplied by
the manufacturer of the battery. The SOH characteristics of
the battery can then be estimated by the outcome of the

comparison between the determined present SOC window
and the standard SOC window.

By studying the response and comparing 1t with a
“known” characteristic response ¢.g. from component life
tests, 1t 1s possible to judge the SOH of the battery. The
above mentioned discharging and charging steps may be

performed more than once, preferably three times as 1ndi-
cated in FIG. 2.

This leads to a better measurement resolution of the SOC,
and thus to easier comparison of the SOC levels between
different measurement occasions.

In one embodiment of the invention the charge current
impulse 1s created by means of a combustion engine of the
vehicle powering the electrical machine 1n generative opera-
tion.

In one embodiment of the invention the discharge currents
impulse 1s created by the electric machine 1n a motoring
operation driving a combustion engine of the vehicle.

In one embodiment of the invention method further
comprising the step of:

connecting the battery of the vehicle to a charge pole,
wherein the charge current pulse and the discharge current
pulse 1s created by means of the charge pole.

In one embodiment of the invention the combustion
engine 1s acting as a brake by 1its friction.

In one embodiment of the imvention the combustion
engine 1s acting as an engine retarder.

In one embodiment of the mnvention the method further
comprises the step of

calibrating the SOC window by using the estimated SOH
characteristics.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are mtended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises™ “compris-
ing,” “includes” and/or “including” when used herein,
specily the presence of stated features, integers, steps,
operations, elements, and/or components, but do not pre-
clude the presence or addition of one or more other features,
integers, steps, operations, elements, components, and/or
groups thereol.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this mnvention belongs. It will be further understood
that terms used herein should be interpreted as having a
meaning that 1s consistent with their meaning 1n the context
of this specification and the relevant art and will not be
interpreted i an i1dealized or overly formal sense unless
expressly so defined herein.

The foregoing has described the principles, preferred
embodiments and modes of operation of the present inven-
tion. However, the invention should be regarded as illustra-
tive rather than restrictive, and not as being limited to the
particular embodiments discussed above. The different fea-
tures of the various embodiments of the invention can be
combined in other combinations than those explicitly
described. It should therefore be appreciated that variations
may be made 1n those embodiments by those skilled in the
art without departing from the scope of the present invention

as defined by the following claims.
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The 1nvention claimed 1s:
1. A method for estimation of State-of-health (SOH)
characteristics of a battery 1n hybrid vehicles, comprising:
charging and discharging the battery at least one time
within an upper region of a State-of-charge (SOC)
window, wherein the battery:

1) 1s charged to a first predetermined level in the upper
region ol the SOC window during a first time period;

11) 1s charged by a first charge current impulse for pushing
the SOC level of the battery to a level above the first
predetermined level and outside the SOC window,
during a second time period;

111) 1s discharged by an electrical machine to a second
predetermined level within the SOC window;

charging and discharging the battery at least one time
within a lower region of the SOC window wherein the
battery:

1) 1s charged to a third predetermined level in the SOC
window, during a third time period;

1) 1s discharged by an electrical machine to a fourth
predetermined level i the SOC window;

111) 1s discharged by a second current impulse, for pushing
the SOC level of the battery to a level below the fourth
predetermined level and below the SOC window, dur-
ing a fourth time period;

calibrating a battery management unit comprised in the
hybrid vehicle by using the reached levels outside the
SOC window for determining correct upper and lower
edges of the current soc window;

estimating the SOH characteristics of the battery during
the charge and discharge periods by using the battery
management unit for determining the condition of the
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battery in comparison to a new and unused battery by
comparing the current SOC window with a standard

SOC window,

wherein; the first and third time period 1s longer than the

second and fourth time period respectively; and

the first predetermined level represents a higher voltage,

than the second predetermined level and the third
predetermined level represents a higher voltage, than
the fourth predetermined level.

2. The method according to claim 1, wherein the charge
current impulse 1s created by means of a combustion engine
of the vehicle powering the electrical machine 1n generative
operation.

3. The method according to claam 1, wherein the dis-
charge currents impulse is created by the electric machine 1n
a motoring operation driving a combustion engine of the
vehicle.

4. The method according to claim 1, further comprising
the step of:

a. connecting the battery of the vehicle to a charge pole,

wherein the charge current pulse and the discharge

current pulse 1s created by means of the charge pole.
5. The method according to claim 3, wherein the com-
bustion engine acts as a brake by its friction.
6. The method according to claim 3, wherein the com-
bustion engine acts as an engine retarder.
7. The method according to claim 1, wherein the method
further comprises the step of:
a. calibrating the SOC window by using the estimated
SOH characteristics.
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